Silicon wafer-based internal reflection elements (IREs) present many practical advantages over the prisms conventionally used for attenuated total reflection (ATR) spectroscopy in the infrared. We examine two methods of using minimally prepared IREs that have appeared in the literature, edge-coupled (EC) and prism-coupled (PC), in conjunction with a liquid flow cell. Polarization measurements show that radiation entering the PC-IRE becomes depolarized due to stress-induced birefringence, and transmission through the edge of the EC-IRE also affects the polarization state. Quantification of the noise and a calibration using a series of sodium acetate solutions show the sensitivity of the PC-IRE outweighs the lower noise obtainable with the EC-IRE.
Introduction
Silicon wafers are manufactured in high volumes and are readily available even with customizations that make them appropriate for use as optical elements in infrared (IR) spectroscopy (i.e., low doping concentrations and doublesided polishing.) Typically, wafer thickness is in the range of hundreds of micrometers, which introduces undesirable interference fringes when used in transmission. 1 When used for attenuated total reflection (ATR) spectroscopy, however, the thinness of a wafer can be advantageous since it permits a large number of internal reflections, which can greatly increase sensitivity. 2 Most conventional ATR accessories, in comparison, use thick prisms as internal reflection elements (IREs). When used in multiple reflection geometries, these prisms take the form of trapezoidal plates or conically ended cylindrical elements. Because of the cost of such IREs, their use is typically limited to experiments that permit their reuse and that do not permanently modify them. Many in situ or operando ATR experiments aim to monitor irreversible reactions that do just that, or they require the deposition of materials onto the IRE surface. [3] [4] [5] For these types of experiments, the costs associated with refurbishing the altered IRE practically limits the type and number of experiments that can be performed using ATR spectroscopy.
Wafer-based IREs present a possibility to increase both sensitivity and experimental throughput for in situ measurements, but in practice, this is often not the case. A common practice has been to cut, grind, and polish bevels into the edges of a wafer or wafer piece.
refracted at an angle that allows multiple internal reflections to the opposing edge (Fig 1a) . An alternative method of coupling IR radiation into a wafer is to press the wafer onto a prism (Fig. 1b) . 11 In principle, the physics are similar to that used for thin-film waveguides, which involves evanescent waves from the prism tunneling through a narrow air gap into the wafer. 12 In this work, we compare these two methods, which we refer to as the ''edge-coupled'' IRE (EC-IRE) and ''prism-coupled'' IRE (PC-IRE), in combination with a liquid flow cell. Polarization is examined, which is a detail neglected in prior analyses. An optical model is developed for each method and validated using a known analyte (water). Borrowing from a methodology previously explored for comparing spectroscopic sampling instruments, 13 the measured sensitivity as determined by a series of diluted solutions is compared to the noise level. From these measurements, the preferred method is determined with some caveats.
Experimental

Materials and Preparation
Deionized (DI) water is generated by a point-of-use purifier and used as both an analyte for establishing the validity of optical modeling and as a solvent for the sodium acetate (NaOAc) used to establish the sensitivity of each apparatus. Previously, NaOAc has been used to compare a number of ATR apparatuses, 13 which permits comparison between studies.
The NaOAc was obtained as a trihydrate (NaOAcÁ3H 2 O), and a stock solution is produced by dissolving 50 g in 500 mL of DI water at 21 C. In terms of anhydrous NaOAc, the concentration is estimated to be 55 mg/g. A concentration series is generated by diluting this stock solution with DI water in the volumetric ratios of 1 : 0, 3 : 1, 1 : 1, 1 : 3, and 0 : 1. The diluted samples are individually generated for each spectrum to minimize systematic errors.
Apparatus
For both the EC-and PC-IREs, spectra are recorded using a Fourier transform IR (FT-IR) spectrometer (Vertex 70; Bruker). a The interferometer is of the inverted doublependulum type; a KBr beam splitter is used in this work. For this study, we employ a cryogenic (77 K), mid-band (10 000 cm À1 to 600 cm À1 ) mercury -cadmium -telluride (MCT) detector (D316/6, InfraRed Associates) a with peak D* ¼ 3.7 Â 10 10 cmÁHz ½ ÁW À1 at 10 kHz and 35.6 mA. The parameters used for this study are listed in Table I .
The collimated beam from the interferometer is focused to an estimated 4 mm diameter on either IRE setup using a gold-coated, 90 off-axis paraboloidal mirror with an effective focal length of 50 mm and a projected diameter of 38 mm. The mirror is rotated on its optical axis to direct the beam at a 45 incidence angle. The beam transmitted through the IRE is collected by an identical mirror and focused using a third identical mirror onto the detector. The spectrometer software performs an operation to correct for detector nonlinearity. To improve the signal-tonoise (S/N) ratio, an edge-pass filter with a cutoff of 3950 cm À1 is placed in front of the detector. Two KRS-5 wire-grid polarizers (18 mm in open diameter) can be inserted between the mirrors and the IRE components.
For the EC-IRE, undoped, double-side polished FZ wafers (>10 4 V Àcm ) are cut into 25 mm Â 50 mm pieces from a larger wafer using a dicing saw (DAD-341, Disco, Japan).
a A metal plate with a recess for the wafer allows reproducible location of the wafer piece with the IR beam focus on the shorter edge. A polytetrafluoroethylene (PTFE) flow cell with a stadium-shaped recess (straight lengths of 28.60 mm and radii of 6.02 mm) can be sealed Figure 1 . Schematic of the setups examined in this work. (a) In the case of the EC-IRE, the incoming IR radiation is partially reflected; the transmitted beam is refracted to produce a large internal reflection angle with fewer reflections along the length of the IRE. (b) For the PC-IRE, a ball tip pushes the wafer into close contact with a Ge right-angled prism so that a portion of the radiation can tunnel across the air gap between the two. The internal angle is more acute with more internal reflections per length. 11 It uses two right-angle Ge prisms to couple radiation into and out of a Si piece (24 mm Â 63 mm) cleaved from a wafer. The IR beam is focused through the hypotenuse of the first prism to a location where a ball-tipped (2 mm diameter) screw presses the Si into the top surface of the prism. After multiple reflections between the parallel surfaces of the wafer, a second ball-tipped screw couples the Si to a second Ge prism, and a portion of the radiation is transmitted out of the Si through the second Ge prism. A flow cell with interior dimensions identical to the one use for the EC-IRE can be attached to the Si wafer piece between the contact points, which are 48 mm apart.
Data Acquisition and Analysis
For examining the behavior of polarized radiation in the apparatus, two polarizers are used. The first polarizer is set to either s-or p-polarization while single-beam spectra are obtained from 128 co-added scans at a given angular setting for the analyzer polarizer. To quantify the intensity passed by the IRE and two polarizers, the single-beam spectra are averaged in regions that do not contain strong interference from atmospheric carbon dioxide or water vapor or from Si phonon modes: 3400-3300 cm À1 , 2500-2400 cm À1 , and 1240-1220 cm À1 . Transmission measurements of DI water are obtained with only one polarizer present where the beam enters the IRE. Both the background and sample spectra are obtained from 256 scans. The cell is empty during the background.
Quantification of the noise is made from absorbance spectra obtained with the cell loosely tightened to the wafer and filled with water during both the background and sample spectra. A background is obtained using 4096 scans taken before acquiring a series of absorbance spectra with a varying number of scans: 16, 32, 64, 128, 256, 512, 1024, and 2048. Three such series are obtained, and the root mean squared and peak-to-peak noise, n rms and n p-p , respectively, are determined in the 1600-1300 cm À1 range. From these data, averages were computed.
Sensitivity is determined with NaOAc solutions as in Schädle and Mizaikoff 13 Here, however, a background of 4096 scans is obtained from a cell filled with water as opposed to being empty. The cell is loosely attached to the wafer. Following this, 20 mL of each solution is pushed through the cell with a syringe. The volume of the tubing leading to the cell is approximately 2 mL while the cell is approximately 0.4 mL. Spectra of a concentration series are obtained before the cell is flushed with 40 mL of water, and a new background spectrum is obtained. Three series of absorbance spectra are obtained. 
Results and Discussion
Optical Analyses
In an effort to understand the physical phenomena responsible for the performance of the EC-IRE and PC-IRE, simple analytical models are developed. The absorption from a multiple-reflection IRE should be proportional to the product of the number of reflections N and the effective path length d e in the analyte, which is sometimes called the total effective path length. To estimate the number of internal reflections from the top surface of the wafers, we use the equation
where L is the length of the contact between the analyte and the wafer surface (in the direction of propagation), d is the wafer thickness, and y is the internal angle of reflection. The value of L is an averaged value based on the dimensions of the recess formed by the trapped o-ring, L ¼ 35 mm. The thicknesses of the wafers are determined to be 366 mm (EC-IRE) and 360 mm (PC-IRE) from the spacing of interference fringes measured in transmission mode along with handbook values of the refractive index. 14 The value of y for the EC-IRE and PC-IRE can be determined using Snell's law and geometry: 78 and 56 , respectively. While we examine only one set of angular settings in this work, we note that the possible values of y are limited to relatively large values in the case of the EC-IRE: a near-glancing angle of 89 at the edge would only reduce y to 72
. The estimated numbers of reflections are listed in Table II .
The distance the evanescent waves extend into the analyte is quantified by d e , which depends on y, the optical properties of the media, the wavelength 0 , and the 
where n 1 and n 2 are the refractive indices of the IRE and sample, respectively. Calculations for water at 1550 cm
À1
(n 2 ¼ 1.34) 16 on Si (n 1 ¼ 3.42) 14 are included in Table II . Clearly, p-polarized radiation penetrates significantly further in both cases and depths are greater for the PC-IRE for both polarization states. As noted above, possible values of y, and hence the penetration depths, are limited with the EC-IRE. Based on both d e and N, a higher sensitivity is expected for the PC-IRE.
Polarization
With polarizers at the input and output of the IREs, one can examine how the polarization state changes either by retardance or depolarization. Figure 2a shows the measurement results from the EC-IRE without the cell. In-phase sinusoidal functions are obtained for both polarization states and all wavenumber ranges. This indicates that little retardance/ depolarization occurs and the polarization state is maintained. We also note that significantly more p-polarized radiation is transmitted through the IRE than s-polarized. This is likely because the transmittance at the Si wafer edge (i.e., a 45 incidence angle) should be 0.82 and 0.58 in p-and s-polarizations, respectively. Other optical elements (e.g., the beam splitter) may also play a role.
When the flow cell is tightened against the EC-IRE (Fig. 2b) , the polarization is found to change within the IRE. An offset from zero is found in the cross-polarized states at larger wavenumbers and the sinusoidal functions are no longer in-phase. Larger phase differences for greater wavenumbers is expected in the case of stress-induced birefringence. 17 For the PC-IRE, the p-polarized radiation is barely modulated by the analyzer angle (Fig. 2c) . Although, strictly speaking, depolarization cannot be distinguished from a nearly circular polarization state without using an optical retarder, depolarization seems a more likely explanation based on the geometry. The s-polarized data demonstrate an offset in the cross-polarized state, which again indicates a change in polarization state, and again the effect is greater for the longer wavenumber ranges. It seems likely that the force needed to put the wafer in closer proximity with the prisms also causes birefringence. As different portions of the transmitted beam pass through different portions of the stress field, the polarization of the radiation becomes inhomogeneous and hence depolarized. When the cell is tightened against the PC-IRE, the depolarization changes again (Fig. 2d) . In this condition, it appears that radiation in all ranges is forced into a similar, weakly polarized state. There is also a marked decrease in the intensity compared to Fig. 2c , which indicates the path of the IR radiation may be changing as well.
Validation of the Optical Model
While the two-polarizer measurement in the prior section gives a general indication of the polarization phenomena occurring in the cell, it does not indicate what the polarization state in the proximity of the analyte might be or what the effect on the measurement is. To address these issues, spectra of DI water are obtained with the input polarizer set to either s-or p-polarization. For both setups, the cells are loosely sealed to the IRE so that the data in Figs. 2a and 2c obtained without the cell is applicable. Figure 3 shows the spectra of water using the EC-and PC-IREs. For comparison, Fresnel equation calculations based on the estimated N and y values and published optical constants 14, 16 are shown. The EC-IRE more closely matches model calculations, which is a result of the simpler setup and the maintenance of polarization state. The PC-IRE spectra, in contrast, appear to occupy an envelope between the calculated spectra in the two polarizations. At high wavenumbers, the spectra more closely match the s-polarized data; this is again likely due to the fact that the s-polarized radiation more readily retains its polarization state than p-polarization does (Fig. 2c) . Nonetheless, the calculations generally agree with the experimental results. Despite uncertainties in the polarization state of the radiation interacting with the analyte in the PC-IRE apparatus, the estimated values of N and y seem to be accurate. Some of the ATR accessories examined previously were of the ''dual-crystal'' type (DCT). 13 In this design, a ZnSe cone-shaped element is pressed into a thin IRE to couple the two in a manner like the PC-IRE examined here. Quite possibly, mechanical stress and resulting changes in polarization state could explain some of the difficulties relating the geometry and optics of these systems to their experimentally determined sensitivities. 13 
Noise
Frequently, detector noise dominates other noise sources in FT-IR spectroscopy. In such cases, the source brightness, the optical throughput of the system, resolution, detector performance, and data acquisition time are what contribute to the wavenumber-dependent S/N ratio. 18 Acquisition time is of particular importance to in situ measurements since the time necessary to obtain an adequate S/N ratio can pose serious limitations on the time resolutions that can be achieved and, therefore, the types of transient phenomena that can be examined. By varying the number of , respectively, which is expected for detector noise. 18 ) As can be seen in Fig. 4 , the PC-IRE has a greater noise level than the EC-IRE. This is due in part to the lower optical throughput of the system, which can be seen by comparing the scales of Figs. 2. For both arrangements, both n rms and n p-p decrease with the number of scans. Fitting the noise to a line, the slopes, n 0,rms and n 0,p-p , provide a measure of the noise that is independent of the number of scans. The fitted values are given in Table III . When n rms is plotted against (s
, it fits to a power law with exponents of 0.50, which supports the above analysis. Exponents from fitting n p-p deviate from ½ slightly: 0.57 for the PC-IRE and 0.49 for the EC-IRE.
Sensitivity
An example spectrum of the NaOAc is shown in Fig. 5 , which closely matches spectra in the literature. 19 Strong n as (CO À 2 ) and n s (CO À 2 ) modes appear at 1552 cm À1 and 1415 cm À1 , respectively, as does a weaker d(CH 3 ) mode at 1347 cm À1 . The shapes of the stretching band of water in the 3700-2700 cm À1 range and the deformation mode at 1750-1600 cm À1 are shifted by the presence of the acetate, which results in a derivative-like feature. 19 The spectra differ from those in Schädle and Mizaikoff, 13 which include the water deformation mode at 1640 cm À1 because of differing choices in the background. Figure 6 shows that absorbance scales linearly with the concentration of acetate with zero falling within two standard deviations of the y-intercept for all but one of the calibration curves: Beer's law is obeyed for both setups. The slopes (see Table III ) are taken as the sensitivity S, which is 7-8 times greater for the PC-IRE than the EC-IRE. This is consistent with the product of the calculated N and the polarization-averaged penetration depths (see Table II ), which is approximately ten times greater for the PC-IRE than the EC-IRE setup. The difference is likely due to the EC-IRE setup passing more p-polarized radiation (Fig. 2a) while the s-polarized radiation is better Figure 4 . Noise (root mean square and peak-to-peak) using the EC-IRE and PC-IRE plotted as a function that accounts for both the number of background and sample scans, s b and s s , respectively. The noise is lower in the case of the EC-IRE. Figure 5 . Example spectrum of NaOAc. This spectrum was obtained from the 55 mg/g solution using the PC-IRE using DI water as a reference.
maintained in the PC-IRE (Fig. 2c) . The difference in polarizations would have the effect of weighting the overall effective path lengths so the EC-IRE performance is improved while that of the PC-IRE is reduced. The average sensitivity S ave for the EC-IRE is 0.022 AE 0.001 cm À1 /(mg/g), and for the PC-IRE, it is 0.161 AE 0.002 cm À1 /(mg/g) with 2s uncertainty. Using an efficiency factor of Q ¼ S ave /n 0,rms , the PC-IRE would appear to be superior (Q ¼ 11.7 AE 0.4) compared to the EC-IRE (Q ¼ 2.3 AE 0.1). There are situations, however, where the EC-IRE may present an advantage. For example, if spectral information were required in the O-H stretch region, where attenuation greatly increases the noise using the PC-IRE (see Fig. 3 ), the EC-IRE would be preferable. If knowing the polarization is important, as with careful measurements of films and surfaces, 8 again, the EC-IRE may be advantageous. The choice of which ATR method to use is unfortunately a very complex one that cannot be reduced to a single number.
From the data in this work, we can compare the EC-IRE and PC-IRE apparatuses to the ATR accessories examined in Schädle and Mizaikoff. 13 The S values we measure using the EC-IRE are much lower than those reported for the ATR accessories, which is expected considering the relatively shallow penetration depth at the large reflection angle (Table II) . The PC-IRE, in contrast, resulted in a sensitivity that compares well with most accessories. However, the estimated number of reflections, 32.8, is much greater, and the sampling area is much larger than many of themespecially the DCT systems. While it is possible that our system is ''underperforming,'' the agreement between our calculations and experiment (see Fig. 3 ) suggests instead that many accessories examined in Schädle and Mizaikoff 13 were, in fact, overperforming. The cause of this enhancement is unknown but is possibly due to an unanticipated physical effect that results in an increased total effective path length.
We also note that the reported noise in Schädle and Mizaikoff 13 is much greater than what we observe here, even accounting for experimental differences like the number of co-added scans. The difference in detectors may account for some of the difference as might a difference in mirror velocities, or optical throughput. Regardless, the difficulty in comparing the two studies highlights the need to describe experiment conditions in greater detail. 20 
Conclusion
The motivation for this work is the need for low-cost IREs that can be utilized for higher throughput in experimentation or for new types of measurements that permanently modify the IRE. (For in situ and operando spectroscopies, the possibility of incorporating micro-sensors into an IRE opens many new possibilities that would be impractical with thick prisms.) By examining two methods for coupling IR radiation into a wafer, we have been able to better understand the physical phenomena responsible for the performance of the EC-IRE and PC-IRE methods. Sensitivity appears to depend primarily on the number of reflections and the effective penetration depth as expected. The stress-induced birefringence produced in the PC-IRE method can modify the polarization state inside the IRE, and reflection losses for the EC-IRE are less for p-polarized light. The polarization that results can subtly change the overall effective penetration depth and sensitivity. While the noise level of the EC-IRE method is better than that obtained from the PC-IRE, the much higher sensitivity of the PC-IRE makes it more attractive for applications where having a known polarization state is not as important to the measurement.
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